Dengue virus (DV) is an arthropod-borne human pathogen that causes a serious public health threat in tropical and subtropical regions of the world (58). The World Health Organization reports that there are approximately 500,000 cases of dengue fever per year and that the infection rate is approximately 50 million per year (see reference 15 and literature cited therein). DV has four serotypes (DEN-1 to DEN-4) that cause diseases ranging from mild dengue fever to severe symptoms such as dengue hemorrhagic fever and dengue shock syndrome (17, 25, 27, 70) .
Dengue virus (DV) is an arthropod-borne human pathogen that causes a serious public health threat in tropical and subtropical regions of the world (58) . The World Health Organization reports that there are approximately 500,000 cases of dengue fever per year and that the infection rate is approximately 50 million per year (see reference 15 and literature cited therein). DV has four serotypes (DEN-1 to DEN-4) that cause diseases ranging from mild dengue fever to severe symptoms such as dengue hemorrhagic fever and dengue shock syndrome (17, 25, 27, 70) .
The dengue viral genome is a single-stranded, positivestrand RNA with genome organization similar to those of other flaviviruses (47) . DV infects a broad range of mammalian cell lines from several species in vitro but is transmitted to humans in vivo by mosquito vectors such as Aedes aegypti and Aedes albopictus (7) . Primary human cells such as peripheral blood leukocytes, blood monocytes/macrophages, dendritic cells, and B lymphocytes could also be infected by DV (9, 12, 13, 28, 32, 33, 46, 53, 55, 75, 76, 82) .
Previous studies indicate that cell surface heparan sulfates (HS) are involved in attachment of DV to mammalian cells including Vero, CHO, and human hepatoma cells (11, 23, 31, 35, 44, 54) . HS are repeating disaccharides composed of uronic acid or L-iduronic acid and a derivative of glucosamine that is variably O-sulfated (21) . Extensive sulfate modification causes cell surface HS to be highly negatively charged. The biological roles of HS are quite diverse, including cell attachment and migration, compressive resilience of cartilage, control of fibrinogenesis, cell signaling, and virus infection (3) . Many pathogenic microorganisms, including viruses, gram-positive and gram-negative bacteria, and parasites, attach to HS during entry into host cells (14, 69, 74) . Since HS is ubiquitously expressed on many cell types and is commonly used by other pathogens to gain access into cells, an additional coreceptor has been postulated to explain the limited cell tropism of DV. This coreceptor may be related to a trypsin-sensitive protein or protein complex that was shown to play a role in virion binding to mammalian cells (18, 52) . Several candidate coreceptor proteins for DV have been suggested for many mammalian cell lines. These proteins are between 20 to 40 kDa and 60 to 90 kDa in size and bind to dengue virions in vitro (5, 31, 56, 59, 66) . Recently, DC-SIGN, a dendritic cell surface lectin, was shown to mediate DV infection to primary dendritic cells (61, 81) . Nevertheless, the molecular mechanism by which DV enters these cells remains poorly characterized.
Besides mammalian cells, mosquito cell lines that express cell surface proteins capable of binding to DV were also reported. In C6/36 cells, 40-to 45-kDa cell surface proteins were identified to bind DEN-4 (72, 83) . Additional candidate coreceptors on C6/36 cells were reported to be 67 and 80 kDa (60) . Up to now, no receptor has been identified on mosquito cells.
Flavivirus virions contain a major viral envelope (E) protein that has about 40% homology with different members of the family (7) . The crystal structures of E protein of tick-borne encephalitis virus (TBEV) and, more recently, of DV revealed that E protein is composed of three domains (I, II, and III) that exhibit significant structural conservation (57, 68) . Studies mainly with TBEV E protein indicate that E protein exists as dimers on the native virion and forms trimers at low pH to allow fusion of the viral envelope with membranes of the target cells (1, 30, 78) . Recently, the virion structures of mature and immature DV particles were also obtained by cryoelectron microscopy (39, 84) . Comparison of the virion structures of TBEV, DV, and alphavirus showed that these viruses are structurally similar and employ a unique fusion mechanism distinct from those of other enveloped viruses such as human immunodeficiency virus and herpes simplex virus (22, 41, 65, 67) .
Mutations in the domain III region of flavivirus E protein (EIII) are associated with attenuated virulence or the ability of virus to escape immune neutralization, suggesting that EIII plays a role in receptor recognition (19, 26, 43, 49, 62, 71, 73) . Furthermore, EIII of Langart virus binds to target Vero cells and blocked virus infection (4) . Monoclonal antibodies against the EIII region strongly inhibit DV adsorption to Vero cells (16) . Finally, the EIII region contains positive charged residues within amino acids (aa) 284 to 310 and 386 to 411 that constitute putative HS-binding sites in DV E protein (11) . However, it is not known whether DV EIII directly binds to HS during virion attachment to host cells, and consequently, the role of EIII in DV infection remains elusive.
This study analyzes the role of EIII of DEN-2 in DV infection of mammalian BHK21 and mosquito C6/36 cells. Binding assays were performed with mammalian and mosquito cells, and the structural requirements for EIII for binding to each of the cell lines were investigated. The results suggest that EIII is important for DV entry into BHK21 and C6/36 cells and that different structural elements of EIII are required for DEN-2 entry into these two types of cells.
MATERIALS AND METHODS
Viruses, cells, and reagents. DV type 1 (DEN-1) prototype strain Hawaii, DV type 2 (DEN-2) strains 16681 and PL046, DV type 3 (DEN-3) prototype strain H87, and DV type 4 (DEN-4) strain H241 were described previously (63, 77, 85) . Local Taiwanese isolates of DVs of four serotypes were obtained from patients with dengue fever or dengue hemorrhagic fever and cultured in C6/36 cells with minimal passages (Ͻ3): 766733 (DEN-1), 766635 (DEN-2), 990360 (DEN-3), and 466088 (DEN-4) (45). Japanese encephalitis virus (JEV) (RP9) was obtained from Y.-L. Lin (10) . Wild-type vaccinia virus (VV) of WR strain was described previously (14) .
BHK21 cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS). C6/36, a mosquito cell line established from Aedes albopictus, was maintained in DMEM-M&M supplemented with 10% FBS (36) . L cells and gro2C and sog9 cells have been described previously and were obtained from F. Tufaro (2, 24) .
Soluble heparin (HP), chondroitin sulfate (CS), and dermatan sulfate (DS) were purchased from Sigma, Inc. HiTrap chelating HP columns and an ECL protein biotinylation module were purchased from Amersham Pharmacia Biotech, Inc. Peptides were synthesized from United Biochemical Research, Inc. Chemicals for electrophoresis were purchased from Bio-Rad, Inc. Other reagents were obtained from Merck or Sigma, Inc. A monoclonal antibody (MAb) against T7 tag sequences was purchased from Novagen, Inc. and used at a dilution of 1:10,000. A rabbit serum recognizing purified dengue virions was generated in this study and used at a dilution of 1:1,000. A MAb (4G2), which was originally raised to recognize E protein of DEN-2, recognized E protein of other three serotypes and was obtained from H.-C. Wu (National Taiwan University) and used at 1:1,000 dilution.
Protein expression and purification. An expression construct was prepared to express EIII of DEN-2 virus. A DNA fragment corresponding to EIII was PCR amplified with the following reverse transcription-PCR primers: 5Ј primer, 5Ј-A AGGAATTCTCAAAGGAATGTCATAC-3Ј (EcoRI site is underlined); 3Ј primer, 5Ј-AGAAAGCTTTTTCTTAAACCAGTTGAG-3Ј (HindIII site is underlined). The primers were hybridized to viral RNA purified from DEN-2 (PL046) virions and amplified for 25 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 40 s. The amplified DNA was ligated into pCRII-TOPO plasmid (Invitrogen, Inc.), and the DNA sequences encoding EIII were determined. The predicted EIII amino acid sequences were identical to the sequences in DEN-2 16681 and New Guinea-C strains (37, 77) . The DNA was digested with EcoRI and HindIII and cloned into pET21c (Novagen, Inc.). The resulting plasmid expresses EIII with a T7 tag at the N terminus and a hexahistidine tag at the C terminus for affinity purification.
The EIII expression plasmid was transformed into Escherichia coli strain BL21(DE3), and the bacterial culture was induced with 0.3 mM isopropyl-␤-Dthiogalactopyranoside (IPTG) for 30 min at 30°C. The bacterial pellets were harvested, sonicated, and centrifuged. The supernatant was loaded onto a nickel column, and the bound protein was eluted with 0.3 M imidazole buffer. The fractions containing soluble EIII were dialyzed against phosphate-buffered saline (PBS) at 4°C overnight as described previously (14) . Plaque assays of DV, JEV, and VV on BHK21 cells. BHK21 cells were seeded (3 ϫ 10 5 per well) in six-well plates. The next day, BHK21 cells were infected at 37°C for 2 h with 0.2 ml of serial dilutions of culture supernatant (collected from cells infected with DEN-1 to -4 and JEV) or cell lysates (collected from cells infected with VV) from infected cell cultures as described in the previous paragraph. After infection, BHK21 cells were washed, overlaid with 1% top agarose in RPMI 1640 medium, supplemented with 2% FBS, and incubated at 37°C for 4 to 5 days until plaques became visible. These infected cells were fixed under agarose overlay in 10% formaldehyde in PBS for 1 h at room temperature. Top agarose was removed, and the infected BHK21 cells were stained with 0.25% crystal violet in 50% ethanol for 60 min to make the plaques visible for counting.
Blocking of DV binding to BHK21 and C6/36 cells by soluble EIII. To test whether soluble EIII blocks DV binding to BHK21 (or C6/36) cells, BHK21 (or C6/36) cells were preincubated with soluble EIII protein (300 g/ml) at 4°C for 2 h and subsequently infected with DEN-1, -2, -3, -4, JEV, or VV at an MOI of 5 PFU per cell at 4°C for 2 h. The infected cell cultures were washed with PBS and immediately harvested in sodium dodecyl sulfate (SDS)-containing buffer. The cell lysates were loaded onto an SDS-10% polyacrylamide gel electrophoresis gel, and the amount of cell-associated virions was determined by monitoring the amount of virion protein that reacted with anti-DEN E MAb 4G2 (1:1,000), anti-JEV serum (1: 1,000), or anti-VV (1:1,000) in immunoblot analyses, as described below. The blots were scanned and quantitated with software, Image Gauge, version 3.45, that was installed on a FUJIFILM LAS-1000 plus pictrography 3000 (Fuji, Inc.).
Immunoblot analyses. Cell lysates harvested after viral infection were fractionated on appropriate SDS-polyacrylamide gels and transferred to nitrocellulose membranes according to the manufacturer's protocol (Bio-Rad). After incubation with 3% nonfat milk in TTBS (0.5% Tween 20, 20 mM Tris-HCl [pH 7.4], 0.5 M NaCl) for 60 min, the membranes were washed once with TTBS and incubated with the appropriate primary antibody, i.e., anti-E MAb 4G2 (1:1,000), rabbit anti-JEV serum (1:1,000), anti-VV serum (1:1,000), or anti-T7 tag MAb (1: 10,000), at room temperature for 12 h. Membranes were then washed three times with TTBS and incubated with alkaline phosphatase-conjugated goat antimouse secondary antibody (1:3,000) for 2 h. Blots were washed three times again with TTBS and developed with nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate (Promega, Inc.) or CDP-Star (Applied Biosystems, Inc.) as described by the manufacturers. When we used anti-JEV and anti-VV antisera in immunoblots, we measured and averaged the three most abundant viral bands in each blot for our quantitative measurement of virion binding.
Biotinylation of soluble EIII. Soluble EIII was biotinylated with the ECL protein biotinylation module (Amersham Pharmacia Biotech, Inc.). In brief, purified EIII (1 mg/ml) was mixed with 40 l of biotinylation reagent N-hydroxysuccinamide ester in 40 mM bicarbonate buffer (pH 8.6) at room temperature for 1 h according to the manufacturer's instructions. The mixture was loaded onto a Sephadex G25 column preequilibrated with 20 ml of PBS-1% BSA. Biotinylated
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EIII was eluted with 10 ml of PBS and collected in 500-l aliquots. The extent of biotinylation was confirmed by immunoblot analysis with alkaline phosphatase-conjugated streptavidin (1:3,000). Soluble EIII binding assays to BHK21 and C6/36 cells. BHK21 or C6/36 cells (5 ϫ 10 5 ) were washed with cold PBS and incubated with biotinylated EIII protein at 5, 50, 100, and 250 g/ml (for BHK21 cells) or at 5, 25, 125, and 625 g/ml (for C6/36 cells) in staining buffer (PBS-4% FBS-10 mM HEPES [pH 7.2]) for 1 h at 4°C. In competition experiments, soluble glycosaminoglycans (GAGs), such as HP, CS, and DS, at 1, 10, and 100 g/ml or synthetic peptides, such as DV1-1, DV2-1, DV3-1, DV4-1, DV2-2, or DV2-3, at 100 g/ml were added as competitors prior to the addition of EIII protein. Cells were then washed three times with cold PBS and incubated with phycoerythrin-conjugated streptavidin (1:500) for 60 min at 4°C, washed with PBS, detached with 5 mM EDTA in PBS, and analyzed with a fluorescence-activated cell sorter (FACS) (excitation, 488 nm; emission, 578 nm) as described previously (42) .
Protein structure graphics. The three-dimensional structures of DV (ID, 10AM) and TBEV (ID, ISVB) were published and obtained from www.rcsb.org /pdb (57, 68) . The graphics were displayed with WebLab ViewPro 4.0 software.
RESULTS
Soluble EIII protein binds to BHK21 and C6/36 cells. A DNA fragment encoding the domain III region (EIII) of E protein, aa 295 to 394, was amplified from reverse transcription-PCR of purified DEN-2 virion RNA. The deduced amino acid sequences were aligned with the corresponding regions of other serotypes (Fig. 1A) . When EIII was expressed in E. coli as a glutathione S-transferase N-terminal fusion protein, the recombinant protein formed inclusion bodies and became insoluble aggregates (data not shown). However, when EIII was expressed with an N-terminal T7 tag and C-terminal hexahistidine tag by using a pET expression vector, as shown in Fig.   1B , EIII was in the soluble fraction. The recombinant EIII was purified by nickel affinity chromatography (Fig. 1C, lane 5 ) and could be recognized by antibody to T7 tag sequences (Fig. 1C , lane 6) and antibody to DV E protein (Fig. 1C, lane 7) .
Recombinant EIII was biotinylated and tested for its ability to bind to mammalian BHK21 and mosquito C6/36 cells (Fig.  2) . BHK21 cells were incubated with biotinylated EIII for 1 h at 4°C and analyzed by FACS. A significant shift in fluorescence intensity was observed at a low concentration of EIII (5 g/ml), which increased and saturated when cells were incubated with 100 to 250 g/ml of EIII, indicating that EIII binds to BHK21 cells ( Fig. 2A) . EIII also bound to several other types of human cell lines including SW48, LS180, TT, and HT1376, indicating that it could be a general feature to many mammalian cells (data not shown). In addition, EIII bound to mosquito C6/36 cells in a dose-dependent manner, and the binding became saturated at 125 to 625 g/ml, within a lower fluorescence range (Fig. 2B) . It thus appeared that recombinant EIII alone is capable of cell binding.
Soluble EIII blocks DV binding to BHK21 and C6/36 cells. If domain III of E protein mediates DV entry into mammalian and mosquito cells, soluble EIII should interfere with virus infection of these cells. As shown in Fig. 3A (left panel) , preincubation of BHK21 cells with EIII protein prior to DEN-2 infection exhibited a dosage-dependent inhibition on BHK21 cells. More than 95% reduction of plaque number formed by DEN-2 was specifically observed when EIII was added to cells at the concentration of 300 g/ml, since BSA, even at 1,200 g/ml, did not inhibit DEN-2 plaque formation. Therefore, we used EIII at the concentration of 300 g/ml in all subsequent blocking experiments. To test whether EIII also block infections of DEN-1, DEN-3, and DEN-4 on BHK21 cells, we incubated BHK21 cells with EIII at 30 and 300 g/ml prior to virus infection and assayed for plaque reduction (Fig.  3A, right panel) . The results indicated that EIII reduced plaque formation by DEN-1, DEN-3, and DEN-4 on BHK21 cells as completely as for DEN-2. In contrast, EIII slightly inhibited JEV plaque formation by 25%, and there was no i., cell cultures were harvested and the respective virus titers were determined by plaque assays on BHK21 cells. % Viral replication ϭ (the number of plaques produced with EIII/the number of plaques produced without EIII treatment) ϫ 100. (B) EIII blocked DV binding to BHK21 cells. BHK21 cells were treated with EIII (300 g/ml) for 2 h and then infected with DEN-1, -2, -3, or -4, JEV, or VV at an MOI of 5 PFU per cell. Cells were immediately harvested after virus infection and used for immunoblot analyses with either MAb 4G2 against E protein (for DEN1 to DEN4) or a rabbit serum against whole virions (for JEV and VV). The blots were scanned and quantitated with Image Gauge, version 3.45, installed on a FUJIFILM LAS-1000 plus pictrography 3000 (Fuji Inc.). For JEV and VV blots, the most abundant three bands were averaged for quantitation. (C) EIII blocked DV infection on C6/36 cells. C6/36 cells were treated with EIII (30 or 300 g/ml) as described for panel A. At 24 h p.i., cell cultures were harvested and the respective virus titers in supernatant were determined on BHK21 cells. (D) EIII blocked DV binding to C6/36 cells. C6/36 cells were treated with EIII (300 g/ml) for 2 h and then infected at an MOI of 5 PFU per cell with DEN-1, -2, -3, or -4, JEV, or VV. Cells were immediately harvested after virus infection, and the amount of virus bound to cells was determined by immunoblot analyses as described for panel B. (E) EIII blocked infection of four low-passage DV isolates on BHK21 and C6/36 cells. BHK21 and C6/36 cells were treated with EIII (30 or 300 g/ml) and infected with low-passage DVs. At 24 h p.i., cell cultures were harvested and the respective virus titers in supernatant were determined on BHK21 cells. (F) Binding of four low-passage DV isolates on BHK21 and C6/36 cells was blocked by EIII. BHK21 and C6/36 cells were treated with BSA or EIII (300 g/ml) for 2 h and infected with each of the four low-passage DV isolates and harvested for immunoblot analyses as described for panel B. The low-passage DV isolates used for panels E and F are identical.
inhibition to VV plaque formation on BHK21 cells. These results showed that soluble EIII specifically inhibits DV infection of BHK21 cells in a serotype-independent manner.
We next investigated whether the inhibitory effect of EIII was at the virion binding step. BHK21 cells was preincubated with EIII and infected with DEN-2 at an MOI of 5 PFU per cell. Cells were harvested immediately after virus infection for immunoblot analyses to determine the amount of bound virions on cells. As shown in Fig. 3B , preincubation of cells with soluble EIII significantly reduced the amounts of virion E protein bound to cells, indicating that EIII blocked virion adsorption to cells. EIII not only blocked binding of DEN-2 virion but also blocked binding of DEN-1, DEN-3, and DEN-4 virions, indicating that EIII blocked adsorption of DV of all four serotypes to BHK21 cells.
EIII was also tested for its ability to block DEN-2 infection of C6/36 cells (Fig. 3C) . Consistent with the results with BHK21 cells, EIII, at 300 g/ml, effectively blocked DEN-2 virus infection down to 4.5% of control infection. However, EIII exhibited less inhibition to DV of other serotypes than to DEN-2. EIII did not significantly inhibit virus infection by control JEV or VV on C6/36 cells. Thus, EIII blocks DV infection of C6/36 cells in a serotype-specific manner.
To determine whether EIII blocks virus binding to C6/36 cells, blocking experiments similar to those described above were performed and the results are shown in Fig. 3D . The amounts of cell-associated DEN-2 virions were significantly reduced if C6/36 cells were pretreated with EIII prior to virus infection. Interestingly, EIII blocked binding of DEN-1, -3, and -4 to C6/36 cells to different extents, consistent with the plaque reduction results shown in Fig. 3C . We concluded that EIII reduced dengue virion binding to C6/36 cells in a serotype-specific manner.
We obtained several clinical DVs isolated from local hospitals, and these viruses were grown up with minimal passages (Ͻ3) to minimize mutations generated from long-term passages. We tested whether DV replication (Fig. 3E) or virion binding of these DV isolates on BHK21 and C6/36 cells (Fig.  3F) is affected by EIII. Consistent with results obtained from the four prototype viruses, infection and adsorption of these low-passage viruses were also reduced by EIII on BHK21 and C6/36 cells. In addition, the inhibitory effect of EIII on BHK21 cells was broad, whereas on C6/36 cells remained serotype specific.
In summary, the results in Fig. 3 indicate that EIII interferes with dengue virion adsorption to both BHK21 and C6/36 cells. In addition, the blocking effect of EIII on BHK21 cells is serotype independent, whereas on C6/36 cells, it appeared serotype specific, indicating the mode of EIII binding to these two cell lines may not be identical.
EIII binds to HSs on BHK21 cells. Previous studies indicate that cell surface HS is involved in attachment of DV to Vero and CHO cells. Furthermore, EIII sequences contain part of the putative HS-binding sequencers, i.e., residues 284 to 310 and 386 to 411 (11) . The role of putative HS-binding sites on EIII in binding to BHK21 and C6/36 cells was examined with a binding competition assay. Biotinylated EIII was incubated with BHK21 cells in the presence or absence of soluble GAGs, and the level of EIII binding to cells was analyzed by FACS (Fig. 4) . Binding of EIII to BHK21 cells caused a significant increase in fluorescence intensity (Fig. 4A, top panel) , but HP (1 g/ml) reduced fluorescence significantly (Fig. 4A, left  panel) . Higher HP concentrations (10 or 100 g/ml) decreased and completely blocked EIII binding to BHK21 cells. However, CS and DS did not inhibit binding of EIII to BHK21 cells (Fig. 4A , middle and right panels), indicating that EIII binds specifically to cell surface HS on BHK21 cells.
Although the above-described competition assays with soluble GAGs have been widely used in cell binding analyses, they are, nevertheless, indirect measurements of cell surface interaction. Direct binding of EIII to cell surface HS was confirmed by measuring binding of EIII to cell lines expressing different GAGs. Mouse L cells express HS and CS on their surfaces, whereas a mutant cell line derived from L cells, gro2C, expresses only CS (24) . Sog9 cells, which were selected from gro2C, lack expression of HS and CS (2) . These mutant cells were used previously to study interaction between cell surface GAGs and envelope proteins of herpes simplex virus type 1 and VV (20, 34, 38, 42, 80) . Biotinylated EIII bound to BHK21 and L cells, causing a detectable fluorescence shift, as expected (Fig. 4B, upper panels) . In contrary, EIII did not bind to gro2C or sog9 cells (Fig. 4B) . These results are consistent with the fact that soluble HP interferes with EIII binding to BHK21 cells and provide direct evidence that EIII interacts with cell surface HS. 
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EIII binding to mosquito C6/36 cells is GAG independent. GAG competition assays were also performed with EIII and C6/36 cells to determine whether GAGs interfere with EIII binding to these cells (Fig. 4C) . Soluble HP did not block EIII binding to C6/36 cells at the 1-, 10-, or 100-g/ml level (Fig. 4C,  left panel) . Furthermore, CS and DS had no effect on binding of EIII to mosquito cells (Fig. 4C, middle and right panels) . Thus, EIII binds to C6/36 cells in a GAG-independent manner. This difference of EIII in GAG dependence may reflect the fact that EIII utilizes distinct structural elements or motifs when binding to BHK21 and C6/36 cells.
EIII binds to mosquito cells through a lateral loop region containing aa 380 to 389. Computer modeling of the TBEV E protein has been used to identify solvent-accessible regions in the lateral loops of EIII (68) . One of these regions at aa 360 to 366, corresponding to DV2-2 sequences in DEN-2, is hypervariable and could be subdivided into distinct groups based on vector usage (Fig. 5A) . Another loop region corresponds to aa 380 to 389 of DV2-1 sequences, which includes an insertion of four amino acids forming an extended loop structure (57) . This extended loop region is conserved in DV and other mosquitoborne viruses but is absent in tick-borne viruses (68) . Additional computation analysis of DV E protein for identification of functional loops also predicted DV2-1 to be a potential ligand binding site on EIII (T. Cheng and C. Lim, unpublished data). To test the role of these two regions of EIII in host cell interaction, two peptides, DV2-1 and DV2-2, were synthesized. The third peptide, DV2-3, was synthesized with residues from aa 360 to 389, which includes both DV2-1 and DV2-2 sequences, and used in the competition studies (Fig. 5A, lower  panel) .
BHK21 or C6/36 cells were pretreated with DV2-1, DV2-2, or DV2-3 at 100 g/ml and subsequently incubated with biotinylated EIII protein. The amount of EIII binding to cells was measured by FACS. None of these peptides inhibited EIII binding to BHK21 cells (Fig. 5B) . However, DV2-1, but not DV2-2, interfered with binding of EIII to C6/36 cells (Fig. 5C ). DV2-3, a longer peptide comprising both DV2-1 and DV2-2 sequences, inhibited EIII binding to approximately the same extent as DV2-1 alone. These data suggest that the lateral loop region of aa 380 to 389 may play a role in EIII binding to C6/36 but not to BHK21 cells.
To investigate whether DV2-1 blocks EIII binding to C6/36 cells in a serotype-specific manner, we synthesized three additional peptides, DV1-1, DV3-1, and DV4-1, which contain residues corresponding to aa 380 to 389 in the DEN-1, DEN-3, and DEN-4 serotypes, respectively (Fig. 5A, lower panel) . These peptides were tested for their ability to block DEN-2 EIII binding to C6/36 cells as described above. The results showed that while the control DV2-1 and DV2-3 peptides significantly blocked biotinylated EIII binding to C6/36 cells, DV3-1 and DV4-1 showed moderate inhibitory activity and DV1-1 showed minor competition activity in FACS analysis (Fig. 5D) . The results thus revealed that peptides synthesized from the loop region blocked EIII binding to C6/36 cells in a serotype-specific manner.
DISCUSSION
This study analyzes structural elements of EIII of DV type 2 E protein that are required for binding to mammalian and mosquito cells. The results show that EIII plays an important role in DV infection of mammalian BHK21 and mosquito C6/36 cells. Soluble EIII binds to and blocks infection of DV on BHK21 and C6/36 cells. These results are consistent with previous reports that mutations within domain III of flavivirus exhibited reduced virulence (8, 29, 40, 48, 50, 51, 64, 73, 79) . This study also demonstrated that EIII interacts differently with mammalian BHK21 and mosquito C6/36 cells.
The crystal structure of DV E protein has recently been solved and showed a high degree of conservation with that of TBEV E protein (57, 68) . The EIII regions of TBEV and DV are shown in Fig. 6 . There are six conserved lysine residues in DV that lie in the putative HS-binding sites of EIII. Four lysines at K295, K305, K310, and K394 of DV E protein correspond to K300, K311, K315, and K395 in TBEV and are conserved in all four serotypes of DV. Additionally, K307 is conserved in DEN-1, -2, and -4, and K393/R393 is conserved in all four serotypes. These lysine residues could directly contribute to highly positive charges important for EIII binding to HS moiety on cells. Since there is little serotype-specific variation for these lysine residues, it is expected that EIII of all serotypes binds to cell surface HS. Attachment to HS is not just an adaptation process as a consequence of continuous laboratory passages in vitro, because EIII also blocked infections of virus isolates of low passage numbers (Ͻ3) to BHK21 cells. Although our data showed that DEN-2 EIII mainly binds to HS on BHK21 cells, it remains possible that EIII may bind to other coreceptors on the cell surface through postbinding conformational change. It is also likely that other regions of viral E protein, i.e., domains I and II, will participate in coreceptor recognition and fusion steps during DV entry into mammalian cells.
HS-binding sites do not appear to play a role in the inter- action between DV and mosquito C6/36 cells. Instead, this study suggests that a lateral loop region in DEN-2 EIII could play an important role during DV infection of C6/36 cells. The length of the external loop region is conserved in DVs, but certain residues within this loop region vary in a serotypespecific manner in DV. For example, the central different core residues within the loops are AGEK, VEPG, IGDK, and VGNS in DEN-1, -2, -3, and -4, respectively. These four residues are very different from the corresponding core residues, i.e., RG(D/E)(K/Q), present in other flaviviruses transmitted by mosquitoes, such as JEV. The fact that DEN-2 EIII inhibits infection of DV on C6/36 cells in a serotype-dependent manner could be explained by several hypotheses. The simplest explanation is that DV of each serotype binds to different molecules on C6/36 cells. Indeed, 40-to 45-kDa cell surface proteins were observed to bind DEN-4 in C6/36 cells, whereas proteins of 67 and 80 kDa in size were reported to bind DEN-2 (60, 72, 83) . Alternatively, it is possible that EIII has a different affinity for the same molecule on C6/36 cells, depending on the exact core sequence of the loop region in DEN-1 to -4. Thus, soluble DEN-2 EIII would most effectively inhibit infection by DEN-2, if EIII from other serotypes has a higher affinity for its cell surface target. This idea is consistent with a previous report suggesting that DV binds HL60 cells in an HS-independent manner and varies for different DV serotypes (6). We have not expressed EIII from other serotypes of DV yet. In the future, comparative studies of EIII of all four serotypes for binding to mosquito cells may provide direct measurement to clarify this issue. It has been suggested that E protein-mediated membrane fusion requires postbinding conformational changes that promote a dimer-to-trimer transition (22, 39, 65) . Whether domain III, in addition to blocking virion adsorption, plays any additional role in homophilic dimer-to-trimer transition is currently unknown. We cannot exclude any of the above hypotheses at this point, and more work is needed in the future to help clarify this important issue.
The synthetic peptides that blocked EIII binding to cells contain residues located in the extended portion of a lateral loop of EIII (Fig. 6) . The length of this loop is longer in flaviviruses transmitted by mosquitoes (i.e., DV, JEV) than in viruses transmitted by other vectors (i.e., TBEV). It is tempting to speculate that this extended loop binds specifically to a putative receptor on mosquito cells, and the search for such molecules is currently under investigation. Finally, DC-SIGN, a cell surface lectin, was recently shown to mediate DV infection of human dendritic cells (61, 81) . Currently, it is not known how DC-SIGN interacts with virion E protein during DV infection. Whether EIII could block DC-SIGN-mediated DV entry will be investigated in the near future.
The mechanism by which a virus infects its target host cell is a major determinant of the cellular tropism of the virus and is critical for viral pathogenesis. This study suggests that DV has evolved different structural regions on E protein to infect mammalian and mosquito cells. This could confer a selective advantage for DV during evolution. For example, if an identical structural motif is required to infect mammalian and mosquito host cells, any mutation in E protein that reduces virulence or pathogenicity in the mammalian host would also be likely to affect virus transmission in the mosquito vector. On the other hand, if separate structures of E protein are used for infecting different hosts, mutations of E protein to escape neutralization in human cells could occur without affecting virus infection of mosquito vectors. Additional studies are needed to elucidate the molecular mechanism of DV entry into different host cells.
